The Long-term Inflow and Structural Test (LIST) (along-wind, across-wind, and vertical). We examine coherence spectra for both lateral and vertical 
I Introduction
The present study was motivated by failure to find meaningful correlation between turbine loads ͑extremes and fatigue͒ and simple inflow parameters that did not describe the spatial structure of the inflow. For example, in previous regression studies by Nelson et al. ͓1͔ it was found that single-point-in-space statistics of inflow ͑e.g., at the hub height͒ were insufficient for predicting wind turbine loads such as extreme edgewise ͑in-plane͒ or flapwise ͑out-of-plane͒ bending moments at the blade root. It was, thus, thought to be useful to study the full spatial description of the random inflow turbulence field. The availability of inflow data ͑as time series segments͒ at multiple locations through the Longterm Inflow and Structural Test ͑LIST͒ program offers a unique opportunity to estimate the spatial statistics of the inflow. It is our belief that future studies on the correlation of wind turbine loads to inflow may be improved if such spatial statistics are taken into consideration.
One means of identifying the frequency-dependent and random nature of interactions in the inflow at different locations and how these might influence turbine loads is to study the coherence of along-wind (u), across-wind (v), and vertical (w) turbulence components. For design purposes, prescribed models for each turbulence component, including power spectra and coherence spectra, are required in order to perform simulations of the complete inflow field. Computational aerodynamic analysis software uses this simulated inflow to compute the structural response that may be used to determine design loads. Different theoretical turbulence models utilized to construct full-field wind simulation may result in significant differences in design loads for wind turbines. Veldkamp ͓2͔ compared predictions of turbine tower and blade fatigue loads based on inflow simulation with several turbulence models. For example, with two of the models studied-the Mann uniform shear model ͓3͔ where the spectral tensor for atmospheric surface layer turbulence in neutral conditions based on the Navier-Stokes equations as well as conservation of mass is modeled; and the Veers model ͓4͔ where the three turbulence components, contrary to the Mann model, are assumed independent-he concluded that predicted fatigue design loads were quite different. This finding suggests the importance of selecting appropriate turbulence models in design. We are also therefore interested in assessing the validity of the existing turbulence spectral models currently defined in the International Electrotechnical Commission ͑IEC͒ standard ͓5͔ as well as of other well-established coherence models available in the literature by comparing them with coherence spectra of full-field wind turbulence components estimated directly from field measurements from the LIST program managed by Sandia National Laboratories, Albuquerque, NM.
Another motivation for the present study is that although several field studies of the coherence structure of turbulence have been carried out in Europe ͑see, for example, Mann et al. ͓6͔; Schlez and Infield ͓7͔; Larsen and Hansen ͓8͔͒, comparatively far fewer such studies, especially with the appropriate heights and separation distances that are useful for wind turbine applications, and that take into account site-dependent turbulence length scales have been carried out in the United States where the environmental conditions and coherence structure of the inflow may be different.
Recent findings from inflow measurements carried out in Europe by Larsen and Hansen ͓8͔ reveal that coherence of the alongwind turbulence component for different vertical separations decreases with increasing separation, with decreasing integral length scales, and with decreasing measuring altitudes. In contrast, for lateral separations, the same dependence of coherence on altitude was observed as was seen for vertical separations; however, no clear dependence of coherence on integral length scale and on spatial separation was identified based on the measurements. However, these conclusions are based upon limited data and the lateral separation distances in that study were greater than 79 m ͑much larger than the separations that we will study͒. Also, in that study, only the along-wind coherence was considered. Here, the available inflow data from the LIST program allow us to analyze coherence spectra for all three turbulence components at different vertical and lateral separations. In addition, we also study the cross-coherence of each pair of distinct turbulence components at the center of the rotor circle.
In the following, power spectra and coherence spectra for the three turbulence components are estimated using several of the LIST data sets by employing the Welch's modified Periodogram ͑block-averaging͒ spectral estimation method. To facilitate understanding of the coherence as a function of primary inflow parameters, we study these separately for different bins defined on the basis of hub-height mean and standard deviation values of horizontal wind speed. Since only limited data from the first phase of the LIST program were used and the estimations of the coherence functions may be subject to large statistical uncertainty, error statistics of the estimated spectra defined in terms of bias, variance, and confidence limits are discussed.
II LIST Data Set
The data sets employed to estimate spatial coherence spectra throughout this study were provided by Sandia National Laboratories through the ongoing Long-Term Inflow and Structural Test ͑LIST͒ program ͑Sutherland et al. ͓9͔, Jones et al. ͓10͔͒ . The LIST program has made available continuous time series of atmospheric inflow conditions as well as structural response data for a modified Micon 65/13 wind turbine ͑referred to as the LIST turbine in this study͒. This measurement campaign is taking place at the United States Department of Agriculture-Agricultural Research Service ͑USDA-ARS͒ site in Bushland, Texas which is characteristic of a Great Plains site with essentially flat terrain and the primary wind direction at the site is from 215 deg with respect to True North ͑see Fig. 1 for details of the LIST test site͒.
The data were recorded as ten-minute segments, each of which contains approximately 18,000 data points, at a sampling rate of 30 Hz ͑implying a Nyquist frequency of 15 Hz͒. Characterization of the inflow in this study relies on an array of five sonic anemometers mounted on three meteorological towers located approximately 30 m in front of the LIST turbine as shown in Fig. 1 . The center tower is directly upwind of the LIST turbine. The other two towers are one rotor-disk radius to the left and right of the center tower. The five sonic anemometers are mounted as follows: at hub height which is 23 m from the ground; at the top and bottom of the rotor circle; and at positions left and right of the center of the rotor circle ͑see Fig. 2͒ . Two additional meteorological towers located in front of the sister turbines, approximately 38 m away from the center tower on the left and right, were constructed to measure horizontal wind velocities at the hub height using cup anemometers. The additional inflow data from one of these two towers are used to study the coherence of the along-wind turbulence component at this greater lateral separation.
In preparation for the analysis, 291 of the available ten-minute data records were grouped into bins, depending on the horizontal mean wind velocity at hub height U hub and the standard deviation of the same hub-height velocity, hub . This was done in order to obtain a representative sample of data sets for each bin so that conclusions could be made about the dependence of coherence on these inflow parameters, regarded as primary by the wind energy community. The number of available data sets for each bin is shown in Table 1 . We recognize that turbulence standard deviation does not affect coherence in a direct manner. A more appropriate inflow parameter for binning might have been the turbulence integral length scale L, as it is more directly related to the spatial coherence structure of wind fluctuations. However, we chose to bin the LIST data set in this study on the basis of mean wind speed and turbulence standard deviation because such binning is often used to define wind turbine classes for design purposes as specified in the IEC guidelines ͓5͔.
All the bins that contained a sufficient number of samples were analyzed; however, only results based on data sets from three bins are discussed in the following. These selected bins correspond to the boldfaced entries in Table 1 . For simplicity, these are referred to as Bins A, B, and C in the following. The range in values of the mean U hub and the standard deviation hub of the horizontal wind speed at hub height for each of the three bins is shown in Table 2 along with the number of data sets available N g . In passing, we mention that with binning on the basis of mean wind speed and turbulence length scale ͑instead of turbulence standard deviation͒ for the data sets studied here, a very similar numbers of data sets in three bins ͑like the Bins A, B, and C, here͒ is found. As a result, apart from the physically more sound reasons for choosing to bin on length scale when studying coherence, no improved statistical significance advantage is derived from such binning.
The LIST inflow data records collected by several anemometers as discussed above provide a good opportunity to study the coherence behavior of the three wind turbulence components for two different vertical separations of 8.5 and 17.0 m where the wind speed time series were measured by sonic anemometers located at three positions on the center tower mast. In addition, using the data collected by three sonic anemometers located at hub height on the three center towers as well as one cup anemometer on the far-right tower, the inflow coherence spectra for three lateral separations can be analyzed. However, since the mean wind direction during the measurement campaign was not perpendicular to the plane containing the wind speed sensor array, the actual lateral separations for coherence calculations are not equal to the horizontal distances between any two sensors and hence need to be corrected. This situation that results because the mean wind direction is not perpendicular to the plane of the mast array is illustrated graphically in Fig. 3 . Correction to account for this effect is carried out by multiplying the actual horizontal distance between the two sensors under consideration by the cosine of the angle between a normal to the plane of the sensor array and the horizontal mean wind direction for each ten-minute data record. Then, these corrected lateral separations are averaged over all the tenminute data sets in each bin. This finally leads to three different lateral separations for each bin that were used while reporting inflow coherence spectra results. These lateral separations are 6.5, 13.1, and 32.5 m for Bin A; 6.7, 13.4, and 33.2 m for Bin B; and 6.0, 12.1, and 29.9 m for Bin C as summarized in Table 3 .
III Coherence Estimation: A Review
A mathematical definition of the ͑magnitude-squared͒ coherence function, ␥ 2 ( f ), of two stationary random processes, p and q, may be given as
where S pp ( f ) and S( f ) are the one-sided ͑auto-͒power spectral density functions of p and q, respectively, at frequency, f ; and S pq ( f ) is the one-sided complex-valued cross-power spectral density function between the two processes. Note that some references refer to the coherence function as the root-coherence which is the absolute value of the normalized cross-power spectrum, i.e.,
Hereinafter, we will refer to the coherence function as the magnitude-squared coherence function ͓defined by Eq. ͑1͔͒ and we will use either of these two terms ͑i.e., coherence or magnitude-squared coherence͒ interchangeably, unless specifically stated otherwise. It should be mentioned also that, for a homogeneous turbulence field, the quadrature spectrum ͑i.e., the imaginary part of the cross-power spectrum͒ will be relatively small when compared with the cospectrum ͑i.e., the real part of the cross-power spectrum͒. Hence, it is commonly assumed in wind turbulence simulation studies that the crossspectral density function is real. As a result, the phase information conveyed by referring to a phase spectrum is generally considered less important than the magnitude-squared coherence or the rootcoherence for wind turbine studies. Accordingly, here, the phase spectrum is excluded from our discussions. The coherence ␥ 2 ( f ), is always greater than or equal to zero and by Schwarz's inequal- ity, it always less than or equal to unity. For a finite-length data record, the coherence can be estimated from averaged estimates of the auto-and cross-spectra; namely,
where the quantities with a caret indicate that each is estimated from the limited data (N g data sets for each bin͒. Because of the use of limited data and of records of finite length, the estimates in Eq. ͑2͒ have unavoidable statistical errors. For example, an obvious distortion will occur if one tries to compute the coherence function by using only one realization of each of the two processes, p and q. For such an estimation procedure, the computed coherence function will be identically equal to unity at all frequencies. In practice, each sampled time series is therefore split into N subsegments to prevent this source of distortion. For N nonoverlapping realizations of a stationary, Gaussian random process, the bias ͑Bias͒ and the variance ͑Var͒ of the coherence spectrum estimate at any frequency due to time-record truncation effects were derived ͑Carter ͓11͔͒ and may be expressed as
Note that Eqs. ͑3a͒ and ͑4a͒ are approximate and result from truncating series expressions for the exact bias and variance of coherence estimates while Eqs. ͑3b͒ and ͑4b͒ involve further approximations that are applicable only when N is large. The reader is referred to the work of Carter ͓11͔ and Kristensen and Kirkegaard ͓12͔ for exact expressions for the bias and variance of coherence estimates. It is recognized that allowing for overlapping of subsegments can further reduce the statistical variability of the estimates because of the greater number of degrees of freedom used. Experimental investigation by Carter ͓11͔ where a Hanning data window was utilized suggests that 50% overlapping is an optimal choice as a compromise between reduction in standard error and computation time.
Besides conventional bias as predicted by Eq. ͑3a͒, bias power leakage effects may be introduced if the selected resolution bandwidth is wide relative to the actual range of frequencies associated with a peak in the spectrum. This category of bias, which is known as ''resolution bias'' may lead to large distortions near the peak of the spectrum. In studying turbulence components, this type of bias may be present due to the significant amount of energy at low frequencies. Even though a theoretical expression of this bias is not available, Jacobsen ͓13͔ concluded from numerical simulation studies that resolution bias effects will occur especially when the number of degree of freedom increases. This is typically associated with the number of ͑overlapping͒ subsegments used and when the coherence values are close to unity. Thus, under certain circumstances, this resolution bias may dominate the conventional bias ͓Eq. ͑3a͔͒ resulting from a finite number of statistical realizations. Jacobsen ͓13͔ did not report any systematic variance dependency on power leakage from his experiments, indicating that the variance ͑or standard error͒ in coherence spectra may be estimated by Eq. ͑4a͒ alone.
Another source of bias in estimating coherence is due to possible time delay between the two signals p and q that can be easily detected either by simply observing the corresponding cross-covariance function of the two time series or by observing a linear trend in the phase spectrum. This source of bias might be important when studying coherence in turbulence components over large lateral separations.
IV Estimation Procedure
For each bin defined in Table 2 , the wind velocities in the measured frame of reference are transformed into the standard micrometeorological coordinate system, defined as along-wind (u), across-wind (v), and vertical (w) components. Next, each ten-minute time series of interest is partitioned into a suitable number of 50% overlapped subsegments N d , each of which is considered as a realization of the process for use in estimation of the spectra. Hence, each bin class yields a total of NϭN d ϫN g realizations. Then, for each zero-mean realization ͑the mean is removed first͒, a detrending ͑assuming a linear trend͒, a prewhitening filter, and a Hanning data window multiplication are applied, before raw power and cross spectra are finally computed using the Fast Fourier Transform ͑FFT͒ algorithm. Next, these spectra derived from the realizations are averaged in each bin to obtain representative power spectral density functions and crosspower spectral density functions for use in Eq. ͑2͒ to compute the coherence spectrum, ␥ 2 ( f ). This coherence estimate is then biascorrected using Eq. ͑3a͒. Note that the prewhitening filter is applied here in order to reduce possible bias in power spectrum estimates in the low-frequency region due to leakage problems ͑Jenkins and Watts ͓14͔; Schwartz and Shaw ͓15͔͒. The prewhitening filter coefficients, based on a simple moving average model, were determined such that the power spectrum of the filtered turbulence signal is essentially ''white,'' resulting in less power at lower frequencies that ''leaks'' into the neighboring higher frequency region. By a trial-and-error procedure, the filter coefficients were found to be such that the prewhitened signal y t , was equal to 1.01x t Ϫ1.00x tϪ1 where x is the original zero-mean, detrended signal. It is important to point out that detrending and prewhitening the inflow turbulence signal is essentially equivalent to applying linear high-pass filters to the signal, which will not affect coherence spectrum estimates. This is because the linear transfer functions will apply to both the auto-and cross-spectra and will eventually cancel out based on how they appear in the estimate of the coherence spectrum given by Eq. ͑2͒. Trend removal and prewhitening procedures, however, do directly influence auto-and cross-spectrum estimates individually. Disregarding either of these two procedures can lead to bias in auto-and cross-spectra individually, especially in the lowest frequency region ͑negligibly at higher frequencies͒. We accordingly employ these procedures here because even though they do not influence coherence estimates ͑our focus͒, we will briefly discuss autospectra estimates based on data and comparisons with theoretical model where such procedures help limit bias problems.
V Numerical Studies
Several issues related to coherence estimates based on the LIST field measurements are investigated. For simplicity, we will refer to power spectral density function of the along-wind (u), acrosswind (v), and vertical (w) turbulence components as u-, v-, and w-power spectra, respectively. Similarly, for lateral and vertical separations studied, we refer to coherence functions of the along-wind, across-wind, and vertical turbulence components as uu-, vv-, and ww-coherences, respectively. Finally, we study crosscoherence between any two turbulence components at the center of the rotor circle and refer to these as uv-, uw-, and vw-coherences.
A Choices of Subsegment Length. To achieve good estimates of coherence spectra, it is necessary to use an appropriate number of overlapping subsegments that can provide satisfactorily small amounts of bias and standard error, without introducing much spectral distortion as discussed before. A large number of subsegments, which is associated with small individual subsegment length, might limit confidence intervals on the coherence estimate but it might introduce unacceptable spectral distortion and, thus, lose the fine structure of the coherence especially near the low frequency region where the coherence value is large. A rational approach was adopted in this study whereby biascorrected ͑magnitude-squared͒ coherence spectra were estimated for different numbers of subsegments for a ten-minute time series. These estimates were then compared until an optimal number of subsegments was found. For the sake of illustration, we describe how this optimal number of subsegments was arrived at when estimating the uu-coherence for a lateral separation of 13.4 m using the 25 data sets that were taken from Bin B (U hub ϭ11-13 m/s and hub ϭ1.5-2.0 m/s). The same procedure may be applied for other turbulence components and/or for vertical separations. Figure 4 (a) shows estimated uu-coherence spectra ͑for 13.4 m lateral separation͒ based on the use of 2, 4, 8, 16, and 32 subsegments in each ten-minute record. Figure 4(b) shows estimates of the coherence spectrum along with 90% confidence intervals with the optimal number of subsegments, equal to 8 here.
In this illustration, the number of subsegments N d that is less than or equal to 8 does not cause severe distortion that can result from subsegments that are too short. A total of 200 realizations (8ϫ25) is selected for estimating the coherence spectrum since this number provides the smallest standard error ͑compared to lower values of N d that have similar bias͒ and still has very slight spectral distortion ͑compared to higher values of N d that have systematically larger resolution bias͒. Using Eqs. ͑3a͒ and ͑4a͒, 90% confidence intervals were determined on the bias-corrected coherence spectra. These are shown in Fig. 4(b) . Note that this conclusion on what is a suitable number of subsegments might be case-specific and the appropriate or optimal number of subsegments might vary from one case to another. Note also that the choice for the number of subsegments is not limited to integer powers of two. We selected these numbers as powers of 2 only for illustration purposes here.
In general, for the different separation distances that are used in this study, splitting the ten-minute time series into four to eight 50% overlapped segments will create individual realizations of about 2-4 m in length making it possible to resolve frequencies as low as 0.004 -0.008 Hz with reasonable statistical confidence ͑and hence, avoid the problem of resolution expected at the lowfrequency peak of coherence spectra͒. In passing, we point out that for 50% overlapping, each realization will have length equal to 10 minutes divided by (N d ϩ1)/2 and will be able to resolve frequencies as low as (N d ϩ1)/1200 Hz. B Power Spectra. Power spectral density functions of the wind turbulence components were determined for the three Bins A, B, and C before using them to estimate coherence spectra. For the sake of brevity, in Fig. 5 , we show power spectra only for Bin B for the three turbulence components at the center point of the rotor circle mast. The estimated spectra show that the energy in the along-wind turbulence component is slightly greater than that in the across-wind component in the low-frequency range and significantly greater than that in the vertical turbulence component. However, the power spectra for all three turbulence components asymptotically have the same slope and magnitude in the inertial subrange ͑high-frequency range͒. For the along-wind (u) turbulence component, the estimated power spectrum is compared with the Kaimal spectrum ͓16͔. See the Appendix for a description of the Kaimal along-wind turbulence spectrum model used. A surface roughness length z 0 of 0.5 cm is used with the Kaimal model in the comparison ͑typical values of z 0 for mown grass terrain are about 0.1-1.0 cm͒. Comparison between the theoretical alongwind turbulence power spectrum and the estimated spectrum from 
where f represents the frequency of interest, D is the separation distance, and U is the mean wind speed at a specified reference or average height. As can be seen from Eq. ͑5͒, there are two key assumptions inherent in Davenport's empirical model. First, the coherence function is assumed to be dependent only on the rate of exponential decay, c, and on the reduced frequency, f r ͑equal to f D/U). This implies no direct dependence of the uu-coherence spectrum on the vertical separation distance D as a separate variable; only an indirect dependence by virtue of the reduced frequency in Eq. ͑5͒. Second, the proposed coherence function in Eq. ͑5͒ approaches unity when the frequency approaches zero. Several researchers have extended this exponential format to model the coherence spectra for all three turbulence components and for both vertical and lateral separations where the applicable decay parameters in each case are estimated based on experimental results ͑see, for example, Jensen and Hjort-Hansen ͓19͔͒. Later, we shall see that the Davenport exponential model ͑which was originally proposed only for uu-coherence and vertical separations͒ may not be simply extended so as to be used for vv-and ww-coherence functions since the estimated coherence functions from measurements, especially for ww-coherence do not approach unity as the frequency approaches zero. Coherence spectra are estimated based on the along-wind (u) turbulence time series available at several spatially distributed locations. Bins A, B, and C provided 33, 25, and 14 ten-minute samples, respectively, as seen in Tables 1 and 2 . The various separation distances in the vertical and lateral directions available for each of the three bins are presented in Table 3 .
For vertical separations of 8.5 and 17.0 m, the time series used to estimate the spectra were measured by sonic anemometers located at three positions on the center tower mast located approximately 30 m upwind of the LIST turbine: one at the top of the rotor circle, one at the center ͑i.e., at the hub height of 23 m͒, and one at the bottom of the rotor circle. The uu-coherence estimates ͑for the two vertical separations͒ along with their 90% confidence intervals are shown in Fig. 6 ͑top row͒ for the three different bins. It is observed that, for all bins, and especially for Bins A and B where there was a relatively large number of data sets available ͑and thus smaller statistical uncertainty͒, the uu-coherence even when plotted against the reduced frequency f r ͑equal to f D/U) decreases as vertical separation increases from 8.5 to 17.0 m. This clearly shows a dependence of the uu-coherence on vertical separation distance. Nevertheless, if we determine the decay rate of the uu-coherence functions by fitting the Davenport model of Eq. ͑5͒ to the measured coherence over a range of reduced frequencies from 0 to 0.3, we find for Bin B, that the decay parameter c is approximately 17 and 25, respectively, for vertical separations of 8.5 and 17.0 m. For these separations, the estimated decay rates are in the same range as the decay parameter of 20 recommended Transactions of the ASME by Simiu and Scanlan ͓20͔. Still, the decay parameter c increases with separation distance ͑from 17 to 25 here͒ and the decay rates recommended in standard references may clearly not be valid for larger separations. Note again that the dependence of the uu-coherence spectrum on the vertical separation distance observed from measurements in this study contradicts Davenport's exponential coherence model where this along-wind coherence function when expressed in terms of reduced frequency is assumed to be independent of separation. For lateral separations ͑refer to Table 3 for the relevant separations for each bin studied͒, the ten-minute data sets used to estimate coherence spectra of the along-wind turbulence component were measured by three sonic anemometers located at the three main towers and a cup anemometer on the far right tower ͑see Fig.  1͒ . All of these anemometers are at the hub height ͑23 m͒. Note again that the lateral separations used here for each bin have been corrected from the actual horizontal distances between the pertinent sensors to account for the direction of the mean wind during the measurement campaign which was not, in general, perpendicular to the mast array. The uu-coherence estimates for different lateral separations are shown in Fig. 6 ͑bottom row͒ for the three different bins. Again, when plotted against reduced frequency, f r , the uu-coherence systematically decays faster with reduced frequency at larger lateral separations. Note that a recent study by Larsen and Hansen ͓8͔, where they estimated uu-coherence ͑for larger lateral separations than is the case here͒, suggested that there was no consistent dependence of coherence on spatial separation. Exponential decay rates ͑based on fitting the measured coherence spectra using Bin B data with the Davenport model͒ for separations of 6.7, 13.4, and 33.2 m are 19, 28, and 48, respectively, compared with about 32 in Simiu and Scanlan ͓20͔. This again suggests a faster decay of uu-coherence with reduced frequency for increased lateral separations. A similar pattern is also found for Bins A and C as summarized in Table 4 . Note that when comparing estimated decay rates for the uu-coherence spectra in Table 4 ͑at least for Bins A and B͒, it is found that over comparable separation distances in the lateral and vertical direction, this decay with reduced frequency is faster laterally than it is vertically. However, this difference is not significant in part due to uncertainty associated with coherence estimates based on a limited number of data sets. For the sake of comparison, it should be pointed out that Larsen and Hansen ͓8͔ also compared coherence decay at various lateral and vertical separations, and concluded that the decay is faster vertically ͑contrary to what we found here͒ but the lateral separations studied by them were much larger ͑79 and 170 m͒ than those considered here, and their vertical separations were not comparable to their lateral separations. 
IEC Exponential Coherence
This model is currently recommended in the IEC guidelines ͓5͔ for wind simulation and the decay parameters a and b are to be taken as 8.8 and 0.12, respectively, while the coherence scale parameter L c is approximately 56 m for a wind turbine with a hub height of 23 m ͑see IEC/TC88 61400-1 ͓5͔ for details͒. In the present study, we will refer to this modified exponential model as the IEC exponential model. Similar to fits with the Davenport model, here we estimate the parameters a and b for the exponential model in Eq. ͑6͒ from estimates of the uu-coherence spectra. Again, fits of the estimated uu-coherences to the model were carried out for a range of reduced frequencies between 0 and 0.3. For illustration purposes, first we use data from Bin B alone. For vertical separations of 8.5 and 17.0 m, the estimated uu-coherence spectra were fit to the IEC exponential model and the decay parameter a was found to be 8.6 and 12.3, respectively, while the parameter b was about 0.00 and 0.02, respectively. Similarly, for lateral separations of 6.7 and 13.4 m, the decay parameter a was 9.4 and 13.6, respectively, while the parameter b was about 0.05 and 0.03, respectively. The fits based on these parameters are shown in Figs. 7(a) and 7(b) for the vertical and lateral separation cases, respectively. It is observed that the IEC exponential model ͑with the associated parameters a and b) generally provides a good representation of the uu-coherence spectra for Bin B. Similar good fits of the exponential model for Bins A and C were also found. The estimated parameters for all three bins are summarized in Table 5 . Note that these fits shown in Figs. 7(a) and 7(b) and the parameters summarized in Table 5 for the individual bins and separations were based on using a subset of the collected data for that bin and separation. Of greater interest is to employ all of the data and estimate the parameters a and b. Then, by using these estimated parameters, it would be interesting to see how the uu-coherence spectra at different separations compared with the exponential model using the overall estimated parameters a and b. For the vertical separations, over a range of reduced frequencies from 0.0 to 0.3, the overall least-squares fit parameters a and b for the exponential model for uu-coherence were 9.7 and 0.06, respectively, based on data recorded for two separations, 8.5 and 17.0 m. For lateral separations, these overall parameters were 9.7 and 0.13, respectively, based on data recorded over nine separations ranging from 6.0 m to 33.2 m. The overall parameters for both separation directions are included in Table 5 . In the lateral separation case, these estimated parameters are fairly close to the values recommended in the IEC guidelines where a and b are 8.8 and 0.12, respectively. Fits based on the overall parameters (a ϭ9.7, bϭ0.13) in the lateral separation case are shown in Fig. 8 for Bin B estimated coherence at three different separations. A Fig. 8 shows that predictions of the exponential model are not as good as when the parameters a and b used were fit for each separation distance and bin individually. The IEC exponential model appears to work better at the smaller separations ͑6.7 and 13.4 m for Bin B͒. However, at the larger separation of 33.2 m, the model overpredicts coherence at reduced frequencies between 0.05 and 0.15 but significantly underpredicts coherence at lowest frequencies; the concave-down second curvature in the IEC exponential model in the low-frequency region appears to contradict what is observed in the uu-coherence estimated from data. In summary, the Davenport exponential coherence model, though simple to use, may not be able to accurately describe the coherence structure in the wind turbulence components particularly for large separations because this model fails to account for reduction in coherence for low frequencies and large separations. The IEC exponential model is an improvement for uu-coherence since two parameters ͑instead of one in Davenport's model͒ are utilized to account for dependence on both reduced frequency and separation distance. Still, as shown in Fig. 8 , the IEC coherence model predictions for uu-coherence at large lateral separations are quite different from coherence estimates based on field measurements especially at low frequencies. Because different coherence models employed in wind simulation procedures for wind turbine load calculations can sometimes lead to significant differences in design loads, more accurate theoretical coherence models may be required for better predictions of the coherence structure that will, in turn, lead to more realistic wind turbine design loads. Two such theoretical coherence models will be discussed later and compared with estimates based on the field data. Next, we compare the coherence structure in the different turbulent components as we examine uu-, vv-and ww-coherence spectra as estimated from the LIST field measurements.
D Coherence Structure of Each Turbulence Component
In the previous section, we only discussed results related to coherence spectra of the along-wind (u) turbulence component-i.e., the uu-coherence. Coherence spectra for all three turbulence components ͑i.e., uu-, vv-, and ww-coherences͒ for two spatial separations are compared here. Figure 9 shows estimated coherence spectra of each turbulence component for small and intermediate lateral and vertical separations based on data in Bins A, B, and C. For lateral separations, the wind velocity time series used for each component was measured by sonic anemometers mounted at hub-height level of the three center tower masts. It is seen in Fig.  9(a) that the across-wind (v) turbulence component is more coherent than the along-wind (u) and vertical (w) components for all bins. Comparing the uu-and ww-coherence, it is seen for all bins that the uu-coherence is larger than the ww-coherence in the low frequency range but lower at high frequencies. As expected, coherence in all three turbulence components decreases with increased lateral separation at all frequencies. At the larger lateral separations, it is seen that the vv-coherence is still the largest of the three components while the uu-coherence is higher than the ww-coherence over a larger-reduced frequency range. These plots in Fig. 9(a) show that the relative coherence levels for the three turbulence components agree with those based on the von Kármán coherence model ͓22͔ where isotropy was assumed in deriving the energy spectrum. When studying coherence spectra for different vertical separations ͓see Fig. 9(b) ], the vertical turbulence component appears to be the most coherent followed by the acrosswind and along-wind components. In the isotropic model, the vvand ww-coherence depend on the direction of the separation. The vv-coherence for lateral separations is the same as the ww-coherence for vertical separations and vice versa. This might explain the change in relative importance of the vv-and ww-coherence among the three spectra shown in Figs. 9(a) and 9 (b). Note, however, that the relative levels of the uu-and ww-coherence spectra for lateral separations are somewhat different from the relative levels of the uu-and vv-coherences for vertical separations. This observation is not in agreement with the isotropic model and thus suggests a lack of isotropy in the inflow turbulence. To model the inflow coherence under these conditions more correctly, then, the isotropy constraint needs to be relaxed. Next, we study more closely the coherence structure of each turbulence component by comparing the estimated coherence spectra based on measurements with those predicted by two theoretical models-the isotropic von Kármán coherence model ͓22͔ and the Mann uniform shear coherence model ͓3͔ where local isotropy is not assumed.
E Comparing Coherence Structure of Each Turbulence Component With Theoretical Coherence Models.
As has been already discussed, the Davenport coherence model fails to account for the decrease in coherence at low frequencies and for large separations while the IEC exponential coherence model predictions for large separations do not adequately match coherence estimates from field measurements. Hence, alternative theoretical coherence models might be considered instead of empirical models for use in predicting inflow coherence. Here, we consider two such theoretical coherence models that are available in the literature. These include ͑i͒ the isotropic von Kármán turbulence model ͓22͔ where isotropy is assumed in deriving the energy spectrum and ͑ii͒ the Mann uniform shear turbulence model ͓3͔ where the isotropic von Kármán energy spectrum is assumed to be rapidly distorted by a uniform, mean velocity shear. Predictions based on these theoretical models will be compared with the measured coherence spectra for all turbulence components and for various lateral spatial separations. For the sake of comparison with an empirical model, the IEC exponential model discussed previously will also be included whenever the uu-coherence spectra are studied. ͑There is no corresponding IEC exponential coherence model available for vv-and ww-coherence spectra in the IEC standard.͒ The isotropic von Kármán coherence model and the IEC exponential model can be conveniently described using available closedform mathematical functions. Both these models are currently included into the IEC standard ͓5͔ and are recommended for use in wind turbine load calculations. The Mann uniform shear model, on the other hand, requires greater computational effort since the influence of shear or vertical mean speed gradient ͑assumed uniform͒ from the surface on isotropic turbulence is included in the model. Because of its complex formulation, the Mann coherence spectrum offers no simple analytical solution but rather requires numerical integration involving the sheared three-dimensional velocity spectral tensor, ⌽ i j ͑where i and j are equal to 1, 2, and 3 for the along-wind, across-wind, and vertical turbulence components, respectively͒. Expressions for the magnitude-squared coherence spectra based on the von Kármán and the Mann models are provided in the Appendix while that for the IEC exponential model was shown previously in Eq. ͑6͒.
Notice that one requires the parameters a and b and the coherence scale parameter L c in order to obtain the IEC exponential coherence spectra. For the von Kármán model, information on the isotropic integral length scale L is necessary while the Mann coherence model requires an isotropic scale parameter l ͑which is proportional to the isotropic integral scale L), and one additional nondimensional shear distortion parameter s to quantify the influence of the shear due to the ground surface. Obviously, all of these parameters are site-dependent and their values can be estimated only from field measurements at the site under consideration. In most situations, however, this site-dependent information is not readily available and, in such cases, these various parameters can only be approximated. Since it is our intention to assess the va- Fig. 10 Comparison of the estimated uu-coherence spectra for lateral separations "based on data sets from three bins… with the IEC modified exponential "aÄ8.8, bÄ0.12, L c Ä56 m…, the von Ká rmá n "LÄ56 m…, and the Mann "sÄ3.9, l Ä14 m… models 1078 Õ Vol.
126, NOVEMBER 2004
Transactions of the ASME lidity of the existing coherence models recommended in the wind turbine design code, all the parameters used here are taken directly from the code; they are not estimated from the field measurements. For example, numerical values for the required parameters a, b, L c , and L are each taken from the IEC standard ͓5͔. As was mentioned before, the recommended decay parameters a and b in the IEC guidelines are 8.8 and 0.12, respectively, and for this particular case where the hub height is 23 m, the suggested value for both L and L c is approximately 56 m ͑see IEC/TC88 61400-1 ͓5͔ for details͒. For the Mann model, the two parameters l and s may be approximately obtained by performing a least-squares fit of the model's coherence spectra to the Kaimal model ͓16͔ instead of to estimated coherence spectra based on measurements. Mann ͓23͔ carried out such least-squares fits from which s was found to be 3.9 while l is 0.59 times the height of interest ͑hence, l is taken to 14 m here͒. Note that estimating these parameters from field measurements might provide a closer match to measured coherence spectra but this is not done here. Figure 10 shows estimated uu-coherence spectra from measurements for Bins A, B, and C at three different lateral separations together with spectra predicted by the three models. When considering small lateral separations, it is seen from the top row in Fig. 10 that all three models predict similar levels of coherence. However, the IEC exponential model appears to provide the best prediction of the three models for uu-coherence, except in the very low frequency range where the Mann model provides the better prediction. The estimated uu-coherence from data is typically lower than that from the von Kármán turbulence model for Fig. 11 Comparison of the estimated vv-coherence spectra for lateral separations "based on data sets from three bins… with the von Ká rmá n "LÄ56 m… and the Mann "sÄ3.9, lÄ14 m… models Fig. 12 Comparison of the estimated ww-coherence spectra for lateral separations "based on data sets from three bins… with the von Ká rmá n "LÄ56 m… and the Mann "sÄ3.9, lÄ14 m… models
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NOVEMBER 2004, Vol. 126 Õ 1079 all three bins. For larger lateral separations ͑as shown in the two lower rows of Fig. 10͒ , the three models predict very different coherence behavior from each other. The von Kármán and the IEC exponential models appear to predict similar trends ͑though the von Kármán model predictions are always higher͒ where the spectra at low frequency region lose their exponential character and, as a result, do no approach unity at these low frequencies. The Mann model, on the other hand, predicts much higher coherence gradients ͑faster decays͒ in the low-frequency range. It is evident from the figures that especially for the larger spatial separations, the Mann coherence model is able to capture higher coherence levels and faster decays ͑with reduced frequency͒ in uu-coherence spectrum in the low-frequency region, consistent with field measurements for the higher wind speed bins ͑B and C͒. The coherence behavior predicted by the other two models is grossly different from what was observed in the field measurements. Figures 11 and 12 , respectively, show estimated vv-and ww-coherence spectra from measurements for Bins A, B, and C at small and intermediate lateral separations compared with predictions based on the von Kármán and Mann models. It is clear from Fig. 12 that the ww-coherence spectra estimated from data do not approach unity at very low frequencies. In fact, at the intermediate separations of around 12-13 m, these ww-coherence function values fall below 0.3 at low frequencies. This is an obvious contradiction with one of the Davenport model assumptions mentioned earlier. This, in turn, suggests that extending the original Davenport coherence model of Eq. ͑5͒ ͑initially proposed for uu-coherence with vertical separations͒ to use for other turbulence components, especially for the vertical turbulence (w) component is clearly not suitable. When comparing the estimated vvand ww-coherence spectra from data with von Kármán and Mann model predictions, it is observed that the Mann coherence model predicts smaller coherence values compared with the von Kármán model for both turbulence components. More importantly, the estimated coherence spectra based on the LIST data sets appear to agree very well with the Mann model predictions over all separations and for all three bins studied.
F Cross-coherence. Cross-coherence spectra based on two distinct turbulence components (uv-, uw-, and vw-͒ recorded at the same point in space ͑here, the center of the rotor circle with a height of 23 m͒ were estimated and the results are summarized in Fig. 13 . The figure shows no significant correlation between the along-wind (u) and the across-wind (v) turbulence components nor between the across-wind (v) and vertical (w) turbulence components in any of the three bins. This finding is consistent with the isotropic von Kármán model. It is also consistent with the Mann uniform shear coherence model where the uv-and vw-coherence spectra are theoretically zero at all frequencies, due to the antisymmetric character of the velocity spectral tensor components ⌽ 12 and ⌽ 23 in these two models. This is different for the correlation between the along-wind and vertical components where larger estimates of cross-coherence were observed. This observation is contradictory to the von Kármán coherence model where the derived uw-coherence is expected to be zero at all frequencies. Note that the uw-coherence is related to the square of the friction velocity and, thus, to the influence of wind shear. The von Kármán model assumes isotropy and does not take the wind shear effect into account; this, in turn, leads to failure to correctly predict the uw-coherence estimated from the field data. On the other hand, the Mann model has a spectral tensor component ⌽ 13 , which is symmetric with respect to the wave number of the across-wind turbulence component; thus, providing a nonzero uw-coherence spectrum as can be seen in Fig. 13 . It is clear, though, that the Mann model appears to overestimate the uw-coherence function for all the three bins studied. This finding is in agreement with the work by Mann ͓3͔ where he reported that the model overestimates uw-coherence, and suggested that a more complex model where the inhomogeneous rapid distortion theory ͑Lee and Hunt ͓24͔͒ is included might provide better predictions for this cross-coherence. The present study suggests that it might be important to model uw-coherence ͑e.g., by using the Mann model͒ when simulating inflow to derive design loads for wind turbines, especially if additional studies can confirm that incorporating this cross-coherence could lead to significant changes in turbine design loads.
G A Note on Atmospheric Stability. It is important to mention that the coherence spectrum for turbulence components of the inflow depends to some degree on atmospheric stability conditions. Theoretical models ͑such as the isotropic von Kármán and the Mann uniform shear coherence models͒ available in the literature are usually derived based upon the assumption that neutral or stable atmospheric conditions exist. Since there were a limited number of data sets available for this particular study, we did not discard any of the measured wind speed time series, some of which might have been associated with unstable conditions. The resulting mixture of data sets of different stability conditions may account for some of the differences found between coherence spectra predicted by empirical/theoretical models and estimates based on the measured data as discussed in this paper.
VI Conclusions
In this study, we examined spatial statistics using the LIST program's measured inflow turbulence by obtaining estimates of power and coherence spectra using ten-minute segments of three components of the wind velocity at several different locations. Coherence spectra for different lateral and vertical separations were studied as were cross-coherence spectra between distinct turbulent components. Estimation errors associated with coherence spectra described by bias, variance, and confidence intervals were also dis- Fig. 13 Estimates of cross-coherence spectra at the center of the rotor circle for the turbulence components taken two at a time based on data from Bins A, B, and C, compared with the Mann uniform shear model. "The isotropic von Ká rmá n model predicts zero cross-coherences at all frequencies.… cussed. Results obtained for the three different bins of data defined in Table 2 allow us to make the following general conclusions:
• The along-wind coherence spectra for both vertical and lateral separations, when expressed in terms of reduced frequency, decays faster with increasing separation. • The Davenport model exponential decay parameter was found to depend on the separation distance. The assumption that the inflow coherence spectrum approaches unity at zero frequency is inconsistent with observed coherence spectra for the across-wind and vertical turbulence components. Hence, extending the Davenport coherence model hypotheses for use with these turbulence components is not appropriate.
• The IEC modified exponential model predictions of the along-wind coherence for small lateral and vertical separations matched the estimated coherence from data fairly well, except at very low frequencies. There, this model predicts lower coherence than was estimated from data. At large separations and low frequencies, the IEC modified exponential model fails to describe the observed fast decay of coherence with reduced frequency.
• The relative coherence levels of the along-wind, across-wind, and vertical turbulence components for the different lateral separations as estimated based on data were in accordance with the von Kármán model. The different relative levels of coherence found when considering vertical separations may indicate a lack of isotropy in the turbulence structure.
• Using a required model parameter value as recommended by the IEC standard, the von Kármán model generally overestimated coherence when compared to estimates from data. This was found especially so when studying the coherences of the across-wind and vertical turbulence components, but was also seen when studying the coherence of the along-wind turbulence component, and especially at large lateral separations.
• Overall, the Mann uniform shear coherence model based on parameters fit with the Kaimal turbulence spectra appears to agree reasonably well with the estimated coherence spectra from data for all three turbulence components although it did underestimate the along-wind coherence for small lateral separations. In particular, the Mann model predicts lowfrequency coherence better than other models studied, and the model does especially well compared to the von Kármán model for across-wind and vertical coherence predictions.
• Estimated cross-coherence between the along-wind and across-wind turbulence components as well as between the across-wind and vertical components is far less significant than that between the along-wind and vertical turbulence components. This cross-coherence cannot be predicted by the isotropic von Kármán model since the influence of the shear is not included in the model, while the Mann model generally overpredicted the cross-coherence between the along-wind and vertical turbulence components.
